BACKGROUND: Caffeine promotes spontaneous breathing by antagonizing adenosine. We assessed the direct effect of caffeine on respiratory effort in preterm infants at birth. METHODS: Thirty infants of 24-30 weeks of gestation were randomized for receiving caffeine directly after birth in the delivery room (caffeine DR group) or later in the neonatal intensive care unit (control group). Primary outcome was respiratory effort, expressed as minute volume, tidal volumes, respiratory rate, rate of rise to maximum tidal volume, and recruitment breaths at 7-9 min after birth. RESULTS: After correction for gestational age, minute volumes ((mean ± SD; 189 ± 74 vs. 162 ± 70 ml/kg/min; Po0.05) and tidal volumes ((median (interquartile range (IQR)) 5.2 (3.9-6.4) vs. 4.4 (3.0-5.6) ml/kg) were significantly greater in the caffeine DR group. Although respiratory rates were similar ((mean ± SD) 35 ± 10 vs. 33 ± 10), RoR increased significantly .2) ml/kg/s), and more recruitment breaths were observed (13 vs. 9%). CONCLUSION: Caffeine increases respiratory effort in preterm infants at birth, but the effect on clinical outcomes needs further investigation.
D
uring the transition after birth, lung aeration is pivotal for the changes in respiratory and cardiovascular function that are required for survival (1, 2) . Although most preterm infants breathe at birth, their respiratory drive is weak and often insufficient to aerate their lungs and establish gas exchange (3) (4) (5) (6) (7) . To minimize injury, intubation and mechanical ventilation is now avoided, and the focus of respiratory care has shifted to noninvasive ventilation, involving positive pressure support of breathing and/or ventilation via facemask (6, 8) .
Recent studies have demonstrated that intermittent positive pressure ventilation, applied via mask in infants with insufficient respiratory effort, was often ineffective unless the infant took breaths during intermittent positive pressure ventilation (3) . Mask ventilation is often hampered not only by leak but also by obstruction caused by active larynx adduction (3, 4, 9) . Antenatally, active larynx adduction during apnea is needed for lung expansion and lung growth (9) , and this pattern of activity might temporarily persist at birth. Logically, the best way to open the larynx is to stimulate spontaneous breathing, which is also likely to be the most gentle and effective way of providing respiratory care without causing injury. Currently, only tactile stimulation is recommended to stimulate breathing (10) (11) (12) .
Caffeine promotes breathing in infants by antagonizing the suppressive effects of adenosine and is a safe and effective treatment for apneas of prematurity (13, 14) . When caffeine is given in the first hour after birth, diaphragmatic activity is increased at 5 min after caffeine administration, which correlates with an increased tidal volume (Vt i ) (15) . In addition, the need for vasopressors and the incidence of intubation are lower when caffeine is given in the first few hours after birth, compared with that given after 12 h (16). In addition, the incidence of bronchopulmonary dysplasia was lower when caffeine was given in the first 2 days of life (17, 18) . Although these studies demonstrated the effects of caffeine in the first days after birth, there is little data on the direct effect of caffeine on respiratory effort or whether gestational age (GA) influences the effect of caffeine. Bairam et al. (19) showed that in 2-5-day-old term lambs Vt i increased after a loading dose of caffeine. Kraaijenga et al. (15) confirmed this in 1-4-day-old preterm infants by measuring diaphragmatic activity after caffeine administration (19) . Within 5 min of administration, diaphragmatic activity increases, resulting in a 30% increase in tidal volumes (15) . Higher tidal volumes could potentially lead to greater lung recruitment and improved oxygenation, which can result in an increased respiratory drive (20) . We hypothesized that this effect of caffeine can be duplicated when caffeine is administered directly after birth.
We aimed to evaluate the respiratory effort of preterm infants at birth when caffeine was either administered directly after birth in the delivery room or after admittance to the neonatal intensive care unit (NICU). infants with congenital abnormalities or conditions who might have an adverse effect on breathing or ventilation, including congenital diaphragmatic hernia, tracheoesophageal fistula, or cyanotic heart disease. Infants participating in other trials on respiratory effort were also excluded. Infants were randomized using sequentially numbered sealed envelopes to either receive a loading dose of caffeine base (10 mg/kg, based on estimated or measured birth weight) at birth in the delivery room (caffeine DR group) or later after arrival in the NICU (control group). Consecutive caffeine base therapy was given in both groups according to the local protocol (5 mg/kg, 24 h after loading dose). Allocation was stratified by GA (24 (0/7)-26 (6/7) or 27 (0/7)-29 (6/7) weeks) using blocks of 4. When randomized for caffeine administration in the delivery room, a butterfly needle (21 G) that was prefilled with saline and attached to a saline-filled 5 ml syringe was inserted in the umbilical vein just above the umbilicus after a chlorhexidine swap. Endovascular location of the needle tip was confirmed by flushing in saline and withdrawing blood. A bolus of caffeine was administered within the first 7 min after birth. After the administration of caffeine, a further 2 ml flush of saline was given.
None of the mothers received general anesthesia or IV narcotics close to delivery. In both groups, standard care was provided in both the delivery room and after arrival in the NICU. A Auckland, New Zealand Neopuff infant T-piece resuscitator (Fisher & Paykel Healthcare, Auckland, New Zealand) was used for respiratory resuscitation. For stabilization at birth, local resuscitation guidelines were followed, including delayed cord clamping and early start of Continuous Positive Airway Pressure for all infants with a GA below 32 weeks. In addition, a sustained inflation of 15 s with a pressure of 20 cm H 2 O was given to apneic and bradycardic infants. A second sustained inflation of 15 s with a pressure of 25 cm H 2 O was given when infants remained apneic and bradycardic, after which intermittent positive pressure ventilation was started. Intubation was considered when effectiveness of mask ventilation could not be guaranteed or prolonged mask ventilation was needed. Respiratory function monitoring was recorded at birth, which is also standard clinical care in our center to have a direct feedback device for respiratory support. This monitor was used to measure inflation pressures, gas flow, Vt i , average MV, and average rate of rise to maximum tidal volume (RoR). The monitor utilizes a small (dead space 1 ml) variable orifice anemometer to measure gas flow in and out of a facemask. This signal was automatically integrated to provide inspired and expired tidal volume. Respiratory function monitoring measurements were collected during the first 10 min after birth. All signals measured were digitized and recorded at 200 Hz using the New Life Box physiological recording system (Advanced Life Diagnostics, Weener, Germany) with the Polybench software (Advanced Life Diagnostics, Weener, Germany). The Pulmochart software (Advanced Life Diagnostics) was used for analyzing the recorded data. Oxygenation and heart rates were measured with a Massimo SET pulse oximeter (Masimo corporation, Irvine, CA, USA). The pulse oximetry probe was placed around the ulnar aspect of the infant's right wrist. Fraction of inspired oxygen (FiO 2 ) was measured with a Teledyne oxygen analyzer (Teledyne Analytical Instruments, City of Industry, CA, USA) inserted into the inspiratory limb of the Neopuff circuit.
The primary outcome was respiratory effort, expressed as MV of spontaneous breathing at 7-9 min after birth. Also, the inspired tidal volumes (Vt i ), respiratory rate, the RoR, and recruitment breaths (% of tidal volumes48 ml/kg) were used as parameters of respiratory effort. Maximum fraction of inspired oxygen (FiO 2 ), oxygen saturation (SpO 2 ), and heart rate at 7-9 min after birth were also measured. Analyses were performed on these outcomes at 7-9 min after birth; as we assumed that caffeine could be administered within the first 7 min after birth, most infants would be respiratory stable at 7 min, and were transported to the NICU 10 min after birth.
To observe the direct effect of caffeine, we compared the MV in the minute before (period 0) with that in the minute after (period 1) caffeine administration in the caffeine DR group. The frequency of expiratory holds and panting was also compared, using the definitions previously described by te Pas et al. (21) . Basic characteristics of all included infants were collected-GA, birth weight, gender, Apgar score, antenatal use of corticosteroids, mode of delivery, the need for a sustained inflation, and cord pH and BE. Data were also collected on short-term clinical outcomes as intraventricular hemorrhage, intubation, and need for surfactant administration during the admission on the NICU.
On the basis of the previous studies of Bairam et al. (19) and Kraaijenga et al. (15) that examined the direct effect of caffeine, we calculated that with an α of 0.05 and β of 0.8, 26 infants were needed to detect a 150 ml/kg/min increase in MV with an SEM of 60.
The ethical committee of the Leiden University Medical Center approved the study protocol. Parental informed consent was obtained prior to randomization, and in emergency situations with immediate delivery required or when approaching parents for antenatal consent was not considered appropriate, consent was obtained retrospectively as soon as possible after birth.
Statistical analysis was performed with the SPSS software version 23.0 (SPSS, Chicago, Illinois). The parameters of both groups were tested for normality using the Kolmogorov-Smirnov and ShapiroWilkinson test. The caffeine DR group and control group were compared using Student's t-test for parametric and the MannWhitney for nonparametric comparisons for continuous variables, and the χ 2 -test for categorical variables. Results are presented as mean ± SD for normally distributed values or median (interquartile range) for non-normally distributed values. P values o0.05 were considered statistically significant. Reported P values are two-sided. MV was calculated using only tidal volumes recorded without mask leakage, and dividing it by the number of seconds for which data were present. Of all other study parameters, calculations were made based on the available data. Despite randomization of infants, a significant and clinically important baseline imbalance in GA between the two groups was discovered. As a result, we performed a post hoc analysis to adjust the outcome parameters for the GA and examined the relationship between GA and MV together and separately in both groups using the PRISM software (Irvine, CA, USA). Reported results are corrected for GA.
RESULTS
Between November 2014 and August 2015, 76 eligible infants were born in the Leiden University Medical Center with a GA of 24-30 weeks. In total, 23 infants were not included because the study was conflicting with other trials-the monitor was not available or consent was not given. Also, 23 infants of 27-30 weeks' gestation were not included as we reached full recruitment for that stratification group.
Therefore, 30 infants were randomized. Of these, four infants were excluded because of failure to obtain recordings (one infant in the caffeine DR group and three infants in the control group), and one infant was excluded because the timing of administration of caffeine exceeded the time stated in the protocol. Two infants (one infant in each group) remained apnoeic at 7-9 min after birth, and outcome parameters could not be obtained from these infants. Therefore, 23 infants were analyzed-13 in the caffeine DR group and 10 in the control group (Figure 1) . A total of 1,840 spontaneous breaths were analyzed-1,061 in the caffeine DR group and 779 in the control group. Of 23 infants included in analysis, 70% (16/23) of parents gave informed consent retrospectively.
Infants included in the caffeine DR group had a significantly lower GA, despite randomization ( Table 1) . There were no differences in birth weight, gender, Apgar score at 5 min, use of antenatal corticosteroids, mode of delivery, need for sustained inflation, cord pH, or Base Excess at birth. Caffeine was given at a median (interquartile range) time of 4.4 (3.6-5.5) min after birth in the caffeine DR group and at 48 (32.8-107.3) min after birth in the control group.
Respiratory Effort at 7-9 min after Birth At 7-9 min after birth, minute volume (MV) was significantly (P = 0.006) related to GA (Figure 2) . When corrected for GA, MV was significantly greater in the caffeine DR group than in (Figure 2) , the relationship between MV and GA was significant in the caffeine DR group (P = 0.0008; slope = 4.1 ml/min/kg per day), but not in the control group (P = 0.09; slope = 2.3 ml/min/kg per day). Vt i , RoR, percentage of recruitment breaths, and heart rate were significantly higher (all Po0.001) in the caffeine DR group as compared with the control group ( Table 2) . There were no differences in respiratory rate, maximum FiO 2 , and SpO 2 ( Table 2) .
Direct Effect of Caffeine
In the caffeine DR group, both the spontaneous breathing MV ((mean ± SD) 236.8 ± 106.6 vs. 134.8 ± 103.9 ml/kg; Po0.05, odds ratio (95% confidence interval) 39.2 (−1.5-79.9)) and inspired tidal volumes ((median (interquartile range)) 5.3 (3.8-8.2) vs. 4.1 (2.4-7.2) ml/kg; Po0.001, odds ratio (95% confidence interval) 1.4 (0.9-1.9)) were significantly greater in the minute after caffeine administration compared with that in the minute before caffeine administration. There were no significant differences in breathing pattern (percentage of time panting, percentage of expiratory holds) between the minutes before and after caffeine administration for infants receiving caffeine directly after birth ( Table 3) .
Short-Term Clinical Outcomes
There were no differences between the groups in short-term clinical outcomes. Intubation rates following NICU admission, surfactant administration, either by endotracheal tube or by minimal invasive surfactant therapy, and all grades of intraventricular hemorrhage were similar in the caffeine DR group and the control group, respectively ( Table 1) .
DISCUSSION
In this randomized controlled trial, we found that MV at 7-9 min after birth was significantly greater in the caffeine DR group than in the control group, after correction for GA. Although respiratory rate did not increase, all other parameters assessing respiratory effort increased significantly by caffeine administration, including Vt i , RoR, and the percentage of recruitment breaths. We also observed an immediate increase in respiratory effort in the minute after caffeine administration in caffeine-treated infants. There was a moderate but significant increase in heart rate, but oxygen need and SpO 2 did not differ between the groups. These results indicate that caffeine at birth could play a role in stimulating breathing during transition at birth.
Studies have reported the effect of caffeine in preterm infants with apneas of prematurity (13, 14) , whereas the focus of more recent studies has shifted toward the timing of the caffeine administration and its effect on breathing and ventilation (15) . Our study confirmed the increase in Vt i observed in the study of Kraaijenga et al., although they did not report the immediate effect of caffeine and the infants were 1-4 days old. They observed increased diaphragmatic activity at 5 min after caffeine administration and increased Vt i , measured using inductive plethysmography, in the first hour after administration (15).
Bairam et al. (19) observed a large increase in MV when caffeine was administered to 2-5-day-old term lambs with well-established respiratory rhythms. On the basis of this stimulatory effect in lambs, we expected caffeine to stimulate MV and other respiratory parameters directly after birth in preterm infants. In our study, the stimulatory effect of caffeine was clear with regard to increasing RoR, Vt i , and frequency of recruitment breaths. We also found a significant (P = 0.006) relationship between MV and GA in all infants at 7-9 min after birth ( Figure 2 ). As the GA was different between the groups, despite randomization, we adjusted MV for GA. Adjusted for GA, MVs were significantly greater in caffeinetreated infants than in control infants. Furthermore, in caffeine-treated infants, we found that the relationship between MV and GA was highly significant (P = 0.0008), with MV increasing at a rate of 4.1 ml/min/kg per day. In contrast, in control infants, the relationship between MV and GA just failed to reach statistical significance (P = 0.09), because of the small number of observations, with MV tending to increase at only 2.3 ml/min/kg per day. These findings indicate that caffeine enhances the GA-related increase in MV, and that the stimulatory effect of caffeine on MV increases with GA. te Pas et al. (21) described that braked expirations occur often in preterm and term infants, but expiratory holds occurred significantly more often in preterm infants. In this situation, the glottis closure combined with abdominal muscle contraction and increase in intrathoracic pressure helps to maintain functional residual capacity. In our study, the percentage of expiratory holds in the minute after caffeine administration did not differ from that in the minute before caffeine administration, but at 7-9 min after birth the percentage of expiratory holds was significantly greater in the caffeine DR group. The increase in respiratory effort observed at 7-9 min after birth might be explained by a change in breathing pattern.
Caffeine antagonizes adenosine at its receptor, and thereby stimulates the respiratory center in the medulla, and increases skeletal muscle tone, diaphragmatic contractility, and the sensitivity to carbon dioxide (22, 23) . The levels of adenosine, however, may vary considerably in infants under different conditions, such as the mode of delivery and the presence of hypoxemia (24) . Irestedt et al. (24) showed higher plasma adenosine concentrations in infants born vaginally compared with those in infants born with cesarean section, possibly due to hypoxemia caused by uterine contractions. Indeed, in piglets in the first 3 days after birth, hypoxemia can increase adenosine levels and reduce MVs (25) . However, administration of aminophylline, a xanthine derivative, counteracted the effect of adenosine and increased MVs by 43.5%, an effect that persisted for at least 6 min despite persisting hypoxemia (25) . Therefore, the effect of caffeine may also differ at birth because of different levels of hypoxemia. It is possible that different dosages of caffeine are needed to compete with the level of adenosine present at birth or to overcome other variables.
In this study, a bolus of 1 ml/kg of caffeine, followed by a 2 ml flush of saline, was administered in the caffeine DR group. The effect of the administration of a volume bolus on cerebral perfusion is a well-discussed subject. In the study by Kooi et al. (26) , cerebral perfusion did not improve after the volume expansion (15 ml/kg) in the first day of life in infants with a GA of 25-28 weeks, although this might be caused by the presence of an adequate cerebral autoregulation. In the present study, it is not clear how the administration of the small bolus of caffeine and saline might have influenced cerebral outcomes. There are additional factors influencing these outcomes, as mentioned by Rajani et al. (27) in their review on delivery room management. The use of positive pressure ventilation and rapid PaCO 2 changes influence cerebral blood flow, thereby increasing the risk of intraventricular hemorrhage. However, in our study, there were no differences between the caffeine DR group and the control group by means of any grade of intraventricular hemorrhage or periventricular leucomalacia.
This study is limited by the lack of a placebo-controlled group. It is theoretically possible that the flush of saline given, before caffeine was administered, could have a positive effect on the breathing effort. When reviewing the monitor recordings, we did not observe any effect when a flush of saline was given before the administration of caffeine; however, the caregivers were not blinded for the allocated intervention when reviewing the monitor recordings.
This study is also methodologically limited by excluding study participants, and thereby not reaching the proposed sample size. Infants were excluded because of failure of the recordings, which was only visible during analysis. Therefore, no additional infants could be included. Another methodologic limitation is the sample size calculation, which was based on the experimental data from 2-5-day-old lambs and the data from preterm infants multiple days after birth. The proposed change in MV of 150 ml/kg appears to be too optimistic, as the overall mean ± SD MV in this study was 152 ± 74 ml/kg in preterm infants during the first few minutes after birth.
In addition, infants in the caffeine DR group had a significantly lower GA. Our finding of a significant relationship between MV and GA indicates that older infants have a more developed respiratory control system. As this could have influenced the outcomes, resulting in an underestimation of the effect size, we corrected analyses for GA using multiple regression.
CONCLUSION
In this small randomized trial, we observed a direct positive effect of administering caffeine on the respiratory effort in preterm infants at birth. The results of this study provide evidence, indicating that caffeine could play a role in stimulating breathing in preterm infants during the transition. Further studies are needed to explore whether the use of caffeine in the delivery room might contribute to a decrease in delivery room intubations or additional long-term outcomes as bronchopulmonary dysplasia.
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